










































Towards Sustainable Ultrafast Molecular-Separation Membranes:
from Conventional Polymers to Emerging Materials
Citation for published version:
Cheng, X, Wang, ZX, Jiang, X, Li, T, Lau, CH, Guo, Z, Ma, J & Shao, L 2018, 'Towards Sustainable
Ultrafast Molecular-Separation Membranes: from Conventional Polymers to Emerging Materials' Progress in
Materials Science, pp. 258-283. DOI: 10.1016/j.pmatsci.2017.10.006
Digital Object Identifier (DOI):
10.1016/j.pmatsci.2017.10.006
Link:




Progress in Materials Science
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.


























Ultrafast	molecular	 separation	 (UMS)	membranes	 are	 highly	 selective	 towards	 active	 organic	molecules	 such	 as	 antibiotics,	 amino	 acids	 and	 proteins	 that	 are	 0.5–5 nm	wide	while	 lacking	 a	 phase	 transition	 and
requiring	a	low	energy	input	to	achieve	high	speed	separation.	These	advantages	are	the	keys	for	deploying	UMS	membranes	in	a	plethora	of	industries,	including	petrochemical,	food,	pharmaceutical,	and	water	treatment
industries,	especially	for	dilute	system	separations.	Most	recently,	advanced	nanotechnology	and	cutting-edge	nanomaterials	have	been	combined	with	membrane	separation	technologies	to	generate	tremendous	potential	for
accelerating	the	development	of	UMS	membranes.	 It	 is	 therefore	critical	 to	update	the	broader	scientific	community	on	the	 important	advances	 in	 this	exciting,	 interdisciplinary	 field.	This	review	emphasizes	 the	unique




temperature-swing	adsorption,	and	extraction.	These	 technologies	have	high	carbon	 footprints	and	are	energy	 intensive.	Compared	with	 traditional	 separation	 technologies,	membrane	separation	 is	more	attractive	due	 to	 its	 low
carbon	 footprint,	 small	 spatial	 requirements	 and	 a	 lack	 of	 a	 phase	 transition	 in	most	 cases	 [1–17].	 In	 recent	 years,	 the	 impending	 global	 energy	 shortage	 and	 various	 environmental	 issues	 have	 accelerated	 the	 development	 of
membrane	separation,	particularly	in	membrane	assembly	using	nanotechnology	and	scale-up	translations	of	membrane	science	for	commercialization	[1–17].	Membrane	science	typically	involves	chemical	synthesis,	material	science,




solutes	 are	 separated	 from	 aqueous	 solutions	 and	 organic	 media.	 Conventional	 molecular-sieving	 NF/UF	 membranes	 are	 fabricated	 using	 thick	 layers	 of	 selective	 polymeric	 materials	 with	 low	 porosities	 and	 broad	 pore	 size
distributions,	 limiting	 their	 applications	 [18–22].	 Based	 on	 the	Hagen-Poiseuille	 equation,	 the	 solution	 flux	 is	 proportional	 to	 the	 pressure	 difference	 across	 the	membrane	 and	 the	 porosity,	 and	 it	 is	 inversely	 proportional	 to	 the
membrane	thickness	[23].	Therefore,	the	thickness	and	porosity	of	the	selective	layer	are	critical	for	obtaining	polymeric	membranes	with	high	flux.	Ultrathin	membranes	with	additional	passageways	for	molecular	transportation	can


















































SolSep/NF SolSep	BV Unknown	material Unknown Not	specified 20 NG 0.25	(hexane),
<0.1	(ethanol)
– [68]





Silicone	polymer-based Unknown 327 30 11000 Unknown – [71]
Desal/NF GE Polyamide	based Unknown 200–350 20 25000 1.3–4.0	(water) – [72,73]
Biomax	100/UF Millipore Polyethersulfone Unknown 50–00 k NG NG 688.9–1377.5
(water)
– –a






EW/UF GE	Osmonics Polysulfone Unknown 100 k NG NG 295.8	(water) – –a
UE50/UF TriSep Polyethersulfone Unknown 100 k NG NG 123.3	(water) – –a
PLHK/UF Millipore Regenerated	cellulose Unknown 100 k NG NG 435.1	(water) – –a
Q0100/UF Advantech Polysulfone Unknown 10 k	(DY,	3%) 1 <2 Unknown – [26]
PLBC	(CC)/UF Millipore Regenerated	cellulose Unknown Protoporphyrin	(MW = 562.7)
(53–84	%)
1 <2 4–9	(water) – [26]












414 Cyt.c	(MW = 12400),	(93%) 0.8 20 1417	(water) 586 [25]
UMS	(NF) Peng	et	al. Cross-linked	ferritin 60 Direct	yellow	(DY)	(MW = 864.9),
(99	%)
0.2 <2 9000	(water) 540 [26]
UMS	(UF) Zhang	et	al. Cross-linked	polystyrene
nanoparticles
80 Cyt.	C,	(100%) 0.8 20 230	(water) 18.4 [27]
UMS	(UF) Shi	et	al. Gelatin 165 Cyt.	C,	(99%),	DY,	(73%) 1 8.6	(DY)
250	(Cyt.C)
667	(water) 110.1 [28]
UMS	(UF) Whang	et	al. P4VP 39 Cyt.	C,	95	% 0.8 20 580	(water) 22.6 [29]
UMS	(NF) Karan	et	al. Diamond-like	carbon 35 Protoporphyrin,	(99%) 0.8 28 ∼88	(ethanol) 3.08 [31]
UMS	(NF) Han	et	al. Graphene 22 Methyl	blue	(MB)	(MW = 799.8),
(99%)
1 16 21.8	(water) 0.48 [32]
UMS	(NF) Qiu Graphene	oxide Unknown Unknown 1 8.7 41	(water) – [33]
UMS	(NF) Huang Graphene	oxide 2000 Evans	blue	(EB)	(MW = 960.8),
(85%)
2 14 71	(water) 142 [34]
UMS	(NF) Ying Graphene	oxide 1080 EB	(88%) 1 14 191	(water) 206 [35]






UMS	(NF) Wang Graphene	oxide 6000 MB	(99%) 1 10 428	(water) 2568 [37]
UMS	(NF) Gao Graphene	oxide 40 Rh	B,	(97.4	%) 1 15 720	(water) 28.8 [55]
UMS	(NF) Sun Laminar	MoS2 1200 EB	(89%) 1 14 245	(water) 294 [52]
UMS	(NF) Sun Laminar	WS2 300 EB	(90%) 1 14 730	(water) 219 [53]
UMS	(NF) Shi Reduced	Graphene	Oxide 18 EB	(100%) 1 10 215	(acetone) 3.87 [56]
UMS	(NF) Peinemann Cellulose 10 Reactive	Black-5	(RB5)
(MW = 997)
(100%)
4 – 700	(water) 7 [57]
UMS	(NF) Qu Nickel	hydroxide	nanosheet 3180 DY	(97.3%) 0.5 20 99	(water) 314.8 [58]
UMS	(NF) Zhang ZIF-8/poly(sodium	4-
styrenesulfonate)
Unknown MB	(98.6%) 5 100 26.5	(water) – [59]
UMS	(NF) Ling Biomimetic	multilayer ∼7000 Brilliant	Blue	G	(MW = 883)
(100%)
0.8 ∼115 1250	(water) 8750 [60]






2340 EB	(96%) 1 ∼10 2000	(water) 4680 [62]
UMS	(NF) Qin Single-layered	graphene 500 342 10 200 50	(water) 25 [63]
a Referred	from	internet:	http://www.millipore.com/techpublications/tech1/pf1172en00,	http://www.sterlitech.com/flat-sheet-membranes-specifications.html#UF;	UMS	(UF)	means	the	pores	of	UMS	membranes	are	in
UF	range,	correspondingly	the	UMS	(NF)	means	the	pore	of	UMS	membranes	are	in	NF	range.
The	main	 incentives	 for	developing	UF	and	NF	molecular	separation	membranes	are	numerous.	As	a	general	size-sieving	process,	no	additives	are	needed,	and	no	phase	 transition	occurs	during	separation.	Compared	 to
distillation,	thermal	damage	is	minimized	as	the	low	operation	temperature	prevents	degradation	and	side	reactions	in	membrane	materials.	There	are	possibilities	for	recycling	water/solvents	and/or	valuable	compounds,	as	well	as	to
reduce	product	 loss.	 It	 should	be	noted	 that	 the	process	of	active	molecular	concentration	and	purification,	and	water/solvent	 treatments	can	be	simultaneously	achieved	during	separation	 [1–4,7–11].	Energy	consumption	can	be
reduced	by	20	%	when	distillation	is	replaced	by	a	combination	of	membrane	processes	to	isolate	sulfur-containing	hydrocarbon	molecules	from	fluidized	catalytic	cracking	and	other	naphtha	streams.	Remarkably,	both	the	product
yield	and	quality	can	be	improved	using	this	combinatory	membrane	process	[10].	Other	advantages	of	UMS	membranes	for	molecular-scale	separations	include	a	drastically	enhanced	separation	efficiency,	smaller	membrane	surface


























Fundamentally,	 the	 design	 of	 UMS	 membranes	 is	 inspired	 by	 basic	 membrane	 separation	 theory.	 Membrane	 separation	 driven	 by	 chemical	 potential	 gradients	 such	 as	 pressure	 gradients,	 temperature	 gradients	 and












where	 is	 the	membrane	 tortuosity	 indicating	 the	ratio	of	 the	 true	 flow-path	 length	and	 the	straight-line	distance	between	 the	beginning	and	end	points	 [23].	Taking	 the	osmotic	pressure	of	 the	 feed	solution	 into	consideration,
the	equation	can	be	modified	as:
























In	practice,	 the	 flux	 represents	 the	output,	and	rejection	 refers	 to	product	purity	during	 the	membrane	separation	process.	An	 ideal	molecular-sieving	membrane	with	a	 finely	 tailored	pore	size	 (0.5 ∼ –5 nm)	and	a	high	porosity	 is	desired	 to

















Other	 than	 intrinsic	membrane	properties,	 the	operational	 and	external	 factors	 that	 affect	mass	 transfer	across	a	membrane	 include	 the	pressure	difference	across	 the	membrane	 (ΔP),	 concentration	polarization,	 swelling	of	 the	membrane,
operating	temperature,	feed	solution	flow	rate,	the	interaction	between	solvent	and	solute,	and	the	interaction	between	solute	and	membrane	[7–9,11,78–81,102–105].	The	latter	four	parameters	are	seldom	investigated.	This	section	only	discusses	the
effects	of	pressure,	concentration	polarization	and	membrane	swelling	on	the	solvent	transfer	of	membranes	[7–9,11,78–81,102–105].







osmotic	 pressure.	 The	permeances	 of	UMS	membranes	 are	 typically	 a	 few	orders	 of	magnitude	better	 than	 those	 of	 conventional	UF/NF	membranes,	 removing	 the	need	 for	 high	pressures	 to	 promote	 flux	 acceleration.	 In	 fact,	 only	 0.8 ∼ –1 bar	 and
0.8 ∼ –5 bar	of	pressure	are	required	for	UMS	membranes	during	UF	and	NF	operations,	respectively;	this	drastically	reduces	capital	investment	for	compression	equipment	and	operating	costs.	Meanwhile,	the	ultrahigh	permeances	of	UMS	membranes
void	the	requirement	of	a	high	membrane	surface	area	to	achieve	the	permeation	solution	flow	rates	mandatory	for	processing	large	mixture	quantities.















Membrane	permeance	quantifies	 the	mass	 transfer	 velocity	 across	membranes,	while	 rejection	 can	be	used	 to	 evaluate	product	purity.	 The	key	 to	preparing	USM	membranes	with	 excellent	 separation	performance	 is	 to
construct	ultrathin,	defect-free	selective	 layers	with	high	porosity	[23].	Finding	suitable	ways	 to	design	ultrathin	selective	 layers	or	build	additional	 liquid-transporting	nanochannels	 is	critical	 to	developing	USM	membranes	with
excellent	 separation	 performance.	 The	 construction	 of	 additional	 passageways	 enhances	membrane	 porosity,	 promoting	 the	 transportation	 of	 solvent	molecules	 across	 the	membrane,	while	 ultrathin	membranes	 reduce	 the	 time





thicker	and	 less	porous	 [18–22].	 Both	 the	 sub-layer	 and	 the	 selective	 layer	 provide	 resistance	 to	 the	 solution.	High	 fluxes	 can	be	 achieved	with	 larger	 pore	 sizes,	 albeit	 at	 the	 expense	 of	 rejection.	 It	 remains	 difficult	 to	 use	 the
conventional	 approach	 of	 phase	 inversion	 to	 produce	 highly	 porous	membranes	with	 an	 ultrathin	 selective	 layer.	 A	more	 suitable	 approach	 to	 construct	 nanometer-thin	 selective	 layers	 is	 through	 interfacial	 polymerization	 (IP)
[111–114].	 IP	 is	also	currently	 the	main	 fabrication	route	 to	manufacture	commercial	NF	membranes	 (Fig.	2II).	Challenges	using	 interfacial	polymerization	 include	 little	control	over	 the	polymerization	degree	and	 the	 formation	of
crosslinked	network	structures,	as	polymerization	occurs	quickly.	Oligomer	formation	may	block	the	porous	support	that	subsequently	increases	solution	resistance	and	the	formation	of	small	pores.	This	process	decimates	membrane
porosity	 while	 yielding	 highly	 selective	 membranes	 for	 small	 molecule	 separation	 (MWCO	 200–500 g mol−1)	 but	 low	 water	 permeance	 (3–20 L m−2 h−1 bar−1)	 [111–114].	 Coating	 is	 effective	 for	 constructing	 selective	 layers	 of	 NF
membranes	while	tailoring	membrane	hydrophilicity.	The	key	advantage	of	this	method	is	the	ease	of	controlling	coating	layer	thickness.	However,	coating	solutions	tend	to	infiltrate	porous	supports	containing	larger	pores	during	the

























the	 coating-etching	method.	 For	 instance,	 Peng	 and	 coworkers	 developed	 crosslinked	 ferritin	 selective	 layers	 on	 a	 porous	 polycarbonate	 membrane	 using	 this	 method	 [26].	 Ferritin	 was	 initially	 mixed	 with	 cadmium	 hydroxide
nanostrands	 in	 solution	before	 filtration.	A	membrane	was	 readily	 formed	by	 subsequent	 crosslinking	with	 a	 10 wt%	glutaraldehyde	 solution	 for	1 h.	Additional	 passageways	with	 tunable	 diameters	 smaller	 than	2.2 nm	 for	water
transport	were	formed	after	nanostrand	dissolution.	By	varying	the	volume	of	the	ferritin/nanostrand	solution,	the	thickness	of	ferritin	membranes	was	tuned	between	30	and	100 nm.	By	imbuing	high	porosity	and	small	pore	sizes	to
ultrathin	selective	layers,	the	ferritin	membranes	demonstrated	high	rejections	of	protoporphyrin	(562.7 g mol−1	nearly	100	%)	and	direct	yellow	(864.9 g mol−1,	approximately	99	%)	with	an	ultrahigh	pure	water	permeance	of	8100 L m
−2 h−1 bar−1	(Fig.	4).	Compared	with	commercial	membranes,	 the	pure	water	permeance	of	 this	 crosslinked	ultrathin	 ferritin	membrane	was	at	 least	1000	 times	higher.	 It	 is	worth	noting	 that	 the	coating	 solution	did	not	 clog	 the
substrate	pores,	and	crosslinking	was	required	to	minimize	the	 impact	of	the	polymer	solution	and	swelling	 in	solvents.	Gelatin	was	also	used	to	fabricate	UMS	membranes	with	thicknesses	ranging	from	62	to	250 nm	by	Shi	and






coworkers	 successfully	 synthesized	 a	 nanostrand-channeled	GO	 (NSC-GO)	membrane	using	 copper	 hydroxide	 nanostrands	 as	 a	 sacrificial	 template	 [36].	Positively	charged	Cu(OH)2	 nanostrands	 that	were	 2.5 nm	 in	 diameter	 and
micrometers	 in	 length	 were	 mixed	 with	 negatively	 charged	 GO	 solutions.	 The	 fine	 intercalation	 of	 Cu(OH)2	 nanostrands	 between	 GO	 sheets	 was	 achieved	 through	 electrostatic	 attraction.	 Thereafter,	 as	 illustrated	 in	 Fig.	 5,	 a
nanochanneled	network	was	formed	upon	acid	removal	of	the	copper	hydroxide	nanostrands.	The	2D	nanostructures	and	nanochannels	between	different	layers	of	GO	resulted	in	a	water	permeance	that	was	at	least	100	times	higher
than	that	of	commercial	membranes.	The	rejection	rate	of	these	high	flux	membranes	was	comparable	to	commercial	membranes.	These	membranes	also	exhibited	excellent	mechanical	properties	under	high	applied	pressures	(up	to





In	 addition	 to	nanostrands,	nanodots	 and	nanotubes	have	also	been	deployed	 to	 create	additional	 solvent	passageways	 to	 enhance	 the	porosity	 of	 2D-based	membranes	 [37,55].	By	adjusting	carbon	dot	 sizes	or	nanotube
diameters	between	GO	layers,	the	interval	between	each	GO	layer	can	be	tuned	in	a	precise	manner.	Nanoparticle-pillared	graphene	oxide	membranes	removed	96	%	of	dyes	from	solvents,	and	membrane	permeances	reached	up	to
















late	 1990s,	 self-assembly	was	 used	 to	 prepare	 ultrathin	 polymer	membranes	 that	 consisted	 of	 polyelectrolytes	with	 different	 charges	 [142–146].	 Early	 prototypes	 of	 self-assembly	membranes	were	 usually	 synthesized	 on	 porous
templates	with	thicknesses	of	more	than	10 µm.	Emerging	nanomaterials	such	as	graphene	oxide	and	MOF	nanosheets	facilitate	the	self-assembly	of	free-standing	and	ultrathin	membranes	[149–153].	Graphene	oxide	is	by	far	the	most
common	material	for	self-assembled	UMS	membranes.	For	example,	Yang	and	co-workers	prepared	free-standing	graphene	oxide	membranes	and	graphene	oxide/carbon	nanotube	hybrid	membranes	using	an	air-liquid	interface	by
heating	 a	 graphene	 oxide	 hydrosol	 to	 353 K	 [150,151].	Using	 the	 self-assembly	 of	GO	 and	 photochemical	 crosslinkages,	Huang	 et	 al.	 successfully	 prepared	membranes	 consisting	 of	 a	 few	 layers	 of	GO	with	 adjustable	molecular
transportation	[154].	This	approach	can	be	extended	to	build	UMS	membranes	by	using	an	elaborate	self-assembling	material	[155].	Most	recently,	the	shear	alignment	of	the	discotic	nematic	phase	of	graphene	oxide	(GO)	was	utilized
to	fabricate	large	scale	(13 × 14 cm2)	UMS	membranes	by	using	solution	casting	with	a	 lab-scale	doctor	blade	 [182].	This	 large-area	GO	membrane	demonstrated	a	water	permeance	of	more	 than	60 L m−2 h−1 bar−1	 for	various	dye
solutions	with	high	rejection	(>90	%)	to	charged	and	uncharged	dyes	with	hydrated	radii	above	5 Å.	More	importantly,	this	work	is	a	crucial	step	towards	the	scale-up	production	and	commercialization	of	UMS	membranes	[182].
Other	new	manufacturing	technologies	that	can	be	used	to	fabricate	membranes	include	the	“breath	figure”	method,	3D	printing	and	electrophoretic	gating	of	molecules	on	the	membrane	surface.	Membranes	formed	using
these	 new	 technologies	 have	 a	 high	 density	 of	 unblocked,	 uniform	 pores	 [159–183].	 Unfortunately,	 the	 pores	 of	 such	 membranes	 are	 typically	 very	 large,	 rendering	 the	 resultant	 membranes	 unsuitable	 for	 UMS	 applications.


















demonstrated	 an	 ultrahigh	 pure	water	 permeability	 of	 540	×	 10−6 L m−2 h−1 bar−1	m,	with	 a	 high	 rejection	 of	 dyes	 (protoporphyrin	 and	 direct	 yellow)	 in	 dilute	 systems.	 This	UMS	membrane	 had	 a	 controlled	 high	 porosity,	 high
hydrophilicity,	 small	 pore	 size,	 and	an	ultrathin	 selective	 layer	 [26].	 The	ultrahigh	water	 permeability	 deviates	 from	 the	Hagen-Poiseuille	 equation.	 This	 can	be	 ascribed	 to	 the	 substantially	 smaller	membrane	pore	 size	diameter
(<1 nm).	Additionally,	 the	compatibility	between	ferritin	and	water	may	also	account	 for	 the	ultrahigh	permeances.	Clearly,	 the	key	to	yielding	high	quality	UMS	polymeric	membranes	 is	 the	 technology	responsible	 for	 fabricating
ultrathin	films.













nanofiltration.	These	ultrathin	membranes	were	supported	on	both	crosslinked	polymeric	substrates	and	ceramic	substrates	 [184,185].	The	 traditional	 interfacial	polymerization	 technique	was	combined	with	 the	etching-coating	of
nanostrands	to	enhance	solvent	permeance.	A	20-nm-thick	polyacrylate	membrane	on	a	crosslinked	polyimide	substrate	built	by	conventional	interfacial	polymerization	techniques	exhibited	pure	acetone	permeances	as	high	as	8.4 L m
−2 h−1 bar−1.	This	was	due	to	an	enhanced	microporosity	and	higher	interconnectivity	of	intermolecular	network	voids.	The	acetone	permeance	of	this	state-of-the-art	polymeric	UMS	membrane	was	nearly	70	times	higher	than	that	of
DuraMem	DM150	membranes	 –	 a	 common	 commercial	NF	membrane	 (0.12 L m−2 h−1 bar−1)	 [184,185].	Most	 interestingly,	 94 nm-thick	 polyamide	membranes	 fabricated	 using	 the	 etching-coating	 process	 exhibited	 a	 pure	 acetone
permeance	 415	 times	 higher	 than	 that	 of	 DuraMem	DM150	membranes	with	 a	MWCO	below	 246 g mol−1.	 This	 drastic	 improvement	 in	 acetone	 permeance	 and	 excellent	 selectivity	was	 attributed	 to	 a	 crumpled	 structure,	 DMF
activation	and	additional	passageways	created	by	etching	sacrificial	nanostrands	[185].
Block	copolymers	 (BCP)	are	also	potentially	useful	 for	 the	 fabrication	of	UMS	membranes.	These	polymers	can	 form	a	high	concentration	of	uniform	regular	pores	 in	ultrathin	 films	 [21,186–195].	Recent	breakthroughs	 in
polymer	science	show	that	the	sub-10 nm	pore	sizes	in	self-assembled	BCPs	can	be	tuned	with	external	stimuli,	representing	a	significant	advance	relative	to	current	research.	Peinemann	et	al.	prepared	switchable	pH-responsive	BCP
membranes.	The	pore	sizes	of	these	membranes	were	reduced	to	below	10 nm	at	a	pH	of	2	[147].	Russell	et	al.	reported	that	18 nm	continuous	nanopores	on	self-assembled	polystyrene-b-poly(methyl	methacrylate)	(PS-b-PMMA)	films




















Since	 graphene	was	 discovered	 by	 Geim,	 et	 al.	 in	 2004	 [204],	 2D	materials	 have	 gained	 significant	 attention	 because	 of	 their	 electronic	 properties,	 high	 specific	 surface	 area	 and	 excellent	mechanical	 strength.	 Liquid
transportation	across	graphene	or	graphene	oxide	is	a	widely	studied	topic	 in	the	area	of	membrane	science.	For	example,	Han	and	coworkers	developed	25 ∼ –53 nm	thin	UMS	membranes	by	controlling	the	content	of	chemically



















































membranes	with	excellent	properties.	However,	 it	must	be	kept	 in	mind	that	each	material	 inherently	has	unique	properties	and	 its	own	set	of	problems.	Based	on	membrane	properties	such	as	permeance,	rejection,	mechanical
strength,	membrane	stability	and	cost,	the	possibility	of	using	various	cutting-edge	materials	to	scale-up	the	production	of	UMS	membranes	is	summarized	and	evaluated	in	Table	2.	For	instance,	the	high	pore	density	and	uniform	pore









Materials	type Fabrication	method Advantages Technology	readiness
level
Typical	references
Polymers Porous	polymers	(NF) Evaporating-coating High	selectivity	&	high	permeance	to	heptane Medium [17]
Polymers	with	nanochannels	etched	by	nanostrands	(UF) Filtration-coating Ultra	high	permeability Medium [25,27–29]









Other	polymers	(UF/NF) Spin-coating High	permeability Medium [57,166]
Free-standing	COFs	or	MOFs	membranes	(NF) Evaporating High	permeability	and	selectivity Medium [61,254]
2D	materials Graphene/Graphene	oxide	(NF) Filtration-coating High	selectivity Far [32,35]
Graphene/Graphene	oxide	with	nanochannels	(NF) Filtration-coating High	selectivity	and	high	permeability Medium [36,37,55,62]
Other	2D	materials	(NF)	with	nanochannels Filtration-coating High	selectivity	and	high	permeability Medium [52,53,58]
Other
materials
Carbon	or	Si-based	materials	(NF) CVD/3D	printing High	selectivity	and	high	permeability Medium [31,169,181]
Liquid	crystal	materials Transcription	method High	selectivity Far [263–266]
Janus	membranes Surface	modifications High	permeability Far [275,276]
5	Outlook—challenges	overhead
The	 lack	of	advances	 in	material	sciences	and	 the	development	of	 fabrication	 techniques	are	 the	basic	and	most	 important	challenges	 that	 impede	 the	progression	of	UMS	membranes.	 In	addition,	 the	exploration	of	new
applications	especially	for	dilute	system	separations	can	accelerate	the	progression	of	UMS	membranes.	Currently,	only	a	few	types	of	polymers	and	2D	materials	are	suitable	for	the	fabrication	of	UMS	membranes	using	the	coating-
etching	 method	 or	 phase	 inversion-coating	 method.	 Biomimetic	 materials,	 block-copolymers,	 liquid	 crystals	 and	 porous	 frameworks,	 such	 as	 MOFs,	 COFs,	 and	 PAFs,	 are	 alternative	 building	 blocks	 for	 UMS	 membranes
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